Abstract-This paper propose the method for optimal scheduling for battery energy storage system with reliability constraint of energy storage system in reliability aspect. The optimal scheduling problem is solved by dynamic programming with proposed transition matrix. Proposed optimal scheduling method guarantees the minimum fuel cost within specific reliability constraint. For evaluating proposed method, the timely capacity outage probability table (COPT) is used that is calculated by convolution of probability mass function of each generator. Case study shows the result of optimal schedule of energy storage system.  Index Terms-energy storage system (ESS), optimal scheduling, dynamic programming
I. INTRODUCTION
As increasing concern about energy security and climate change, renewable technologies have actively been introduced. However, power system is difficult to control and operate at high penetration of intermittent renewable generation such as photovoltaic and wind generation. To enhance the ability of the system to accommodate renewable generation, the study of energy storage technologies have been intensively studied. Energy Storage System (ESS) performs to serve the power as the function to be able to shift the load without directly generating power. However, since the power generation amount is limited, operation strategy of ESS is very important because it strongly affects the system in the aspects of the economy and reliability. The operation strategy of ESS varies depending on the purpose of its usage. However, the best strategy for operating the energy storage system is to use the available energy with the best suitable purpose during the period that the units are possible [1] . Operating policy for ESS can be made in the safety and economic aspects. In the aspect of safety, if load needs to be shed, it is the best solution to maintain the maximum State of Charge (SOC) for discharging the power in order to prepare the power outage, but it leads to economic loss. In economic terms, ESS supplies the power in response to the price for fuel cost, and it is difficult to maximize the benefit with maintaining high level of SOC. In the previous researches, ESS has been mainly studied on only one side of economy or safety. For example, [2] - [4] focused on the economic aspect of ESS, while in the aspect of safety, ESS is operated for preventing the fluctuation by wind power under specific scenarios [5] . Ref. [6] focused on the reliability improvement of the bulk power system brought by the utilization of energy storage in the local distribution systems integrated with renewable energy generation under three operation mode. However, they are on the trade-off between safety and economy and both are important in the power system. It is desired that both aspect are considered in the operation strategy of ESS. Therefore, in this paper minimum level of SOC is proposed for benefit as well as satisfying the reliability constraints, and it can be realized by the optimal scheduling of ESS. The optimal scheduling problem of ESS is proposed in this paper and solved by dynamic programming (DP) in the case study [7] , [8] . A DP will examine the all number of cases through sub-problems that is solved previously and combine solutions to evaluate the best solution for the given problem. Therefore, if the divided sub-problems are independent each other, DP gives the global optimization. However, it needs some techniques for decreasing incredible complexity. For decreasing the number of cases, the cumulative transition matrix is also proposed. Using proposed method, economic dispatch is enabled while power system is in the stable operation with reliability constraint.
II. GENERATOR MODELING FOR RELIABILITY ASSESSMENT

A. Conventional Generator
represented by two-state model for the purpose of the reliability evaluation [9] . In the view of short time interval, the unavailability (FOR: Forced Outage Rate) of n-th conventional generators are given by (1) , where λ and μ mean failure and repair rates for up and down states, respectively.
The probability that n-th generator has an output of CG i P is represented by (2) , and is called by output probability mass function (PMF).
International Journal of Electrical Energy, Vol. 3, No. 3, September 2015
©2015 International Journal of Electrical Energy 1 , () , 0 CG CG nn CG n CG n FOR x P fx FOR x         (2)
B. Renewable Energy Sources
A Large sized wind farm and photovoltaic systems consists in a group of hundreds identical units in the same location. Therefore, each unit of wind farm or PV has similar output characteristic. This characteristic enables simplified model of wind farm and PV system. If wind farm and PV system consist of N units and they are assumed identical, they also have identical failure and repair rates. Therefore, state model of RES is described as derated model, and the number of the state of this model is (N+1) due to the number of failures from N units up (State 1) to zero unit up (State N+1) as shown in Fig. 1 . Failure and repair rates between i state and (i+1) state are given by (3) and (4), respectively. For N-drated model of RES as stated above, the PMF of wind farm and PV are given by (5) using Binomial distribution, where P t RES is the output of one unit at time t, n is the number of up units, N RES is total number of RES, and FOR RES is the FOR of individual RES as shown in (1).
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C. Energy Storage System
There are various types of battery energy storage system such as the lead acid, Ni-MH and Li-ion. However, in this paper, we consider Li-ion battery that is frequently used. The output of ESS, P t ESS [MW] , can be obtained by multiplication of the initial capacity of ESS, C ESS [MWh] , and incremental rate of State of Charge (SOC) at time t, ΔSOC(t), which is defined by the changing rate of capacity per hour, as shown in (6):
The reliability evaluation of system composed of conventional generators only is based on the capacity of generator. However, evaluation of reliability including ESS is estimated by availability of generation, not capacity, because generating amount of ESS is limited by its capacity and SOC. The generation ability of ESS, V t
ESS
[MW] is decided by amount of SOC at time t as given by (7 A. Reliability Requirement for Minmum SOC As a rule of thumb, if the level of SOC of ESS is higher, the power system is more reliable, but less beneficial, and therefore it is required to evaluate the minimum SOC for maximizing the benefit with maintaining reliability constraint. In order to obtain the reliability constraint, it is necessary to evaluate the hybrid COPT (capacity outage probability table) including RES and ESS as well as the conventional generators. Generally, COPT of n conventional generators can be represented by convolution of each PMF (Eq. (2)) of generators as shown in (9) [10] , where the capacity of COPT is assumed to be the step of 1 MW. The system PMF, f t SYS including all energy resources is also represented by (10) , where f t RES and f t ESS are (5) and (8), respectively. 
Loss of Load Probability, LOLP t , is defined by the probability that the power cannot afford the load at time t, L t , and is given by (11). 
LOLP SYS is defined by the required system LOLP and should be always larger than LOLP t .
SYS t LOLP LOLP
Once LOLP SYS is specified, the inequality combining (11) and (12) can be solved and minimum V t ESS can be obtained by (13).
where:
Finally, the minimum SOC can be obtained by (7) using the minimum generation ability of ESS from (13).
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B. Dynamic Programming for Energy Storage System
One of the main objectives of ESS usage is to minimize the fuel cost of conventional generators in the hybrid power system including RES. To implement this objective, it is required the optimal scheduling of SOC level while maintaining system safety with the constraint of reliability criterion. The graphical concept of scheduling problem of SOC is shown in Fig. 2 with SOC level of ESS versus time based on one hour. Dotted line denotes the minimum SOC of ESS defined by (13) for the assumed system reliability requirement and solid line shows the optimal path of ESS to be scheduled each time. In Fig. 2 , the SOC level is assumed to be discretized for simplicity, and SL t,i is a i-th level of SOC at time t as represented by (14). When the SOC level changes from SL t-1,i to SL t,j , the fuel cost due to charge/discharge of ESS during the period from time (t-1) to t is represented by (17), where the fuel cost of generators is given by (15), (16).
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Let define the matrix R t consisting of R t,ij which represents the fuel cost considering the change of SOC level of ESS.
For the infeasible paths due to the rate power and minimum SOC constraints of ESS, no elements exist and put the large number instead to obtain minimum cost.
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CR t is the cumulative transition matrix defined by the minimum fuel cost up to time of (t-1) plus the change of fuel cost from (t-1) to t as shown (19), and is represented by recursive form involving the matrix C t which also involves the matrix CR t in itself as shown in (20). 10 , where
The matrix C t consists of minimum path value of which move from all i to specific j until t-1. (1, 2) (1, 2) (1, 2) min
It means the minimum value of path of i to 1 up to time (t-1) plus the fuel cost from 1 to 2 at time t.
The minimum fuel cost until time t is given by , , min t ij ij CR , where obtained i and j mean the path at final period from (t-1) to t. The whole optimal path of ESS can be estimated by backward tracing procedure. The optimal path of (t-2) to (t-1) can be found as 
IV. CASE STUDY
A. Effect of Reliability Constraint
Modified data of generators in IEEE 118-bus test system is used for case study. The reliability data of IEEE RTS 24 bus is adopted as shown in Table I since there are no reliability data in IEEE 118 system. ESS is assumed to have 100MWh of capacity and 30MW of rated power. The expected hourly load profile, historical data of PV and wind farm are used for case studies. Fig. 3 shows the minimum SOC that is calculated by (13). ESS cannot discharge under the minimum SOC for maintaining system LOLP (0.05 [occurrence/hour]). 4 shows the hourly LOLP. The dotted line is the LOLP without ESS, and solid line is the LOLP that is always smaller than the required system LOLP due to minimum SOC.
B. Optimal Schedule of ESS
Proposed optimal scheduling method is implemented under two cases with or without reliability constraint. These are compared to base case which is not including ESS. To solve optimal schedule problem, SOC and time interval are set by 1% and 1hour, respectively, for the period of 168 hours. The results of optimal schedule (solid line) and constraint (dotted line) of ESS without/with reliability constraint are shown in Fig. 5 and Fig. 6 , respectively, for the period of only two days out of one week to show the result in high resolution. Despite the loss of economical benefit in some periods as shown in the circles in Fig. 6 , the optimal schedule of SOC is determined at higher SOC level compared with Fig. 5 , in order to maintain the reliability of the system. This action results in increasing reliability but also increasing fuel cost. Table I . The chronological reliability should be assessed with RES and ESS together as well as conventional generators in order to set the optimal scheduling of ESS with reliability constraint. The optimal scheduling problem is solved by using the proposed cumulative transition matrix for simplicity instead of conventional Dynamic Programming. The efficiency of the proposed methods was demonstrated using the data of 14 generating units including renewable energy sources and ESS. The results show that the proposed method is capable of obtaining optimum solution for scheduling problem of ESS.
